Lord R ayleigh has recently found that the tim e o f relaxation of the Balmer series o f hydrogen excited by an electrodeless discharge is at least o f the order 10"5 sec. after it has been blown out o f the electric field by its own expansion. Following Page, it is assumed th at the lum inosity is due to recombination o f electrons w ith protons, and then Kramers's theory yields half value periods certainly larger than 10~5 sec. under the special experim ental conditions. Difficulties in the application o f this theory raised by Cillie and Page are briefly discussed.
Recombination and the long duration of the Balmer spectrum B y H. Zanstra, P h .D., Howard College, Durban {Communicated by Lord Rayleigh, F.R.S.-Received 20 February 1945) Lord R ayleigh has recently found that the tim e o f relaxation of the Balmer series o f hydrogen excited by an electrodeless discharge is at least o f the order 10"5 sec. after it has been blown out o f the electric field by its own expansion. Following Page, it is assumed th at the lum inosity is due to recombination o f electrons w ith protons, and then Kramers's theory yields half value periods certainly larger than 10~5 sec. under the special experim ental conditions. Difficulties in the application o f this theory raised by Cillie and Page are briefly discussed.
The purpose of the present paper is to discuss an experiment by Lord Rayleigh (1944) . He finds th a t if hydrogen made luminous by a powerful discharge is blown out of the electric field by its own expansion, the time of relaxation of the intensity of the Balmer lines is under some conditions of the order 10~5 sec. at least. This is about a thousand times more than the life usually adopted for the excited states from which the Balmer series originates, which is of the order 10-8 sec. This fact is presented by him for comment. In the following the decay is worked out under the supposition th a t the spectrum is produced by recombination. In the case of galactic nebulae, this mechanism of luminosity has been used for explaining the production of the Balmer series and the continuous spectrum a t its head by capture of electrons by protons on the various energy levels and subsequent coming down to lower levels. In the laboratory, Page (1938) has investigated the recombination spectrum of hydrogen in the electrodeless discharge. His work does not seem to have been published in full, but was briefly discussed by him a few years ago in a letter to Nature. Unfortunately, the title 'Kramers's absorption law in astrophysical problems' made no reference to his experiments, so th a t it may have been overlooked easily by those interested in the experimental side. Page measured the spectrum in the electrically undisturbed region, and states th at recombination of protons and electrons must account for almost the entire emission.
I t would seem th at the same applies to Rayleigh's experiment. Where the hydrogen is blown out of the electric field there is no direct excitation, and one may expect the excited states to be chiefly produced by capture of electrons on the energy levels of the protons. Besides this there may be the collision excitation due to the free electrons, but this, as will be shown, is only of short duration. Our considerations will be somewhat simplified, because a possible influence of molecular hydrogen is disregarded.
• At any instant t, let N atoms per c.c. be ionized, so th a t there are N free electrons and N protons. The number of recombinations/c.c./sec. on any level n is then given by N 2Cn, where Cn is a function depending on n of the absolute electron temperature T, assuming the electrons to have a Maxwell distribution. The electron temperature will be considered constant, then Gn is a constant depending on the level. The number of recombinations/c.c./sec. on all levels should be equal to the rate of decrease of N , so th at 
where N0 represents N for t -0. The number of recombinations/c.c./sec. on any level n is then given by
This also represents the number ol quanta emitted/c.c./sec. in the Balmer series of hydrogen or luminosity L, as has been shown elsewhere (Zanstra 1927) .* The luminosity has gone down by a factor 2 when N 2 -or N = J^/2. This occurs in the time r, V (2 )-l 0-414 CN" as follows from (2).
The decay is not exponential. From (3) it follows th a t the luminosity has gone down to f , | and } of its initial value, if N has gone down to 1 /*J2, 1 l/y8 of so th at the subsequent half-value periods are r, r^/2, r^/4, r^/8, etc. Assuming constant electron temperature, the dying down should therefore become slower as time goes on. This effect, however, might be opposed if the electron tem perature deceases with the time making for faster recombination.
Besides, by recombination, the free electrons might also produce luminosity by collisions with neutral atoms. Since initially their energy cannot be greatly in v-xcess of the ionization energy, the total luminosity of this collision excitation integrated over the time cannot greatly exceed th a t of recombination. Initially many electrons of the Maxwell distribution still have energies larger than the excitation energy of some hydrogen levels, and then by theory and experiment the effective area of collision is of the order of th a t of a Bohr orbit 10-16 cm.2, whereas the effective area of capture according to Kramers's theory is of the order 10~21 cm.2 for electrons of such energy. Initially this collision excitation is therefore pre dominant, but because of this the main kinetic energy is spent in a very short time and leaves only the much slower process of recombination which has just been, considered.
In Rayleigh's experiment the pressure was about 0*2 mm., leading to a con centration of 2-38 x 10~8 g./c.c. or a number of atoms per c.c. of 1*44 x 1016.
From the heat developed, the energy produced in the gas by one discharge was found to be 107 ergs or 0*629 x 1019eV. Dividing this by the volume 79 c.c. of the tube and the ionization energy of the hydrogen atom 13*53eV., one finds th a t the maximum number of ion pairs which can be produced per c.c. is 0*589 x 1016, so th a t at most about four-tenths of the hydrogen can be ionized. One may therefore assume A0< 0*589 x 1016 (5) but presumably of this order.
Up to here no special assumptions have been made as regards the form of the coefficient Cn as a function of n and T. The recombination, according to Kramers's * In particu lar, pp. 56 and 57 of th e reference. From equation (9) follows B a -N ut -L y c -B a c. N ul m ay be considered as th e num b all levels, L y c as those on th e first and B a c as those on th e second level, so th a t th e to ta l num ber of quanta, B a em itted in th e B alm er series equals th e num ber of recom binations on levels 3 and higher. The equation presupposes th a t a qu an tu m of th e L ym an series can frequently be absorbed on its w ay out of th e gas, which results in the transform ation into the first line L y a and other qu an ta. theory, will now be introduced (Kramers 1923). I t was worked out by Cillie (1932) in connexion with nebulae.* The quantities for this theory are given by
where (60) and II
O (66)
Xnrepresents the ionization energy for the wth level and k the Boltzmann constant. The rather involved constant in Cillie's formula (6a) has been replaced by its numerical value. In his table 1 Cillie has given the values of M(n, T) for levels up to the tenth. From these and (6) the quantities of (la) and C of (3a) have been computed for the same electron temperatures as Cillie's by summation of the quantities M (n, T ). The contribution by levels higher than the tenth is not negligible and was allowed for by replacing the summation for those levels by the integral /* 00 M(n, T)dn. Fof the various temperatures between 1000 and 50,000° C of the Jn = ll table it amounts to the percentages 20, 11, 8, 6 and 4 of the total for all levels. The details of this computation need not be given. These results are given in table 1. In each case the last figure of the number given may be somewhat in error. The upper limit (5) for N0 in Rayleigh's experiment and from the second row substituted in (4) yield the lower limits for the half-value period r of the dying down luminosity given in the last row. From the heat developed Rayleigh computed a sudden rise in temperature for each discharge of about 35,000° C if the gas is not ionized. Ionization and excitation without collisions of the second kind would lower this temperature which refers to kinetic energy of molecules or neutral atoms. The electron temperature T, however, is determined by quite different factors, and it would be hard to make an a priori estimate. An argument for a low electron tem perature might be obtained from Page's work. From the relative intensity distribu tion of the continuous spectrum at the head of the Balmer series, Bac, Page derived * The probability of capture for a level n m ay be found from the absorption coefficient of radiation for this level by m eans of a relation between probabilities of absorption and emission found by K ram ers and Milne independently. G aunt's wave-mechanical absorption coefficient for a level differs from th a t of K ram ers Only by a factor of the order unity. Since Cillie took the G aunt factor equal to unity, his Gaunt-Milne treatm en t is equivalent to th a t of K ram ers and close to th a t required by wave mechanics.
electron temperatures of about 1000° C both for certain nebulae (Page 1936) and in the qlectrodeless discharge in the laboratory (Page 1938) . If this Bac spectrum does not spread far into the ultra-violet, the electron temperature thus determined mainly depends on the general relation between probabilities of absorption and emission for the second level and not on any special type of theory. Assuming for Rayleigh's experiment T =1000° C, Kramers's theory would predict r > 3-23 x 10~ according to the last row of the table, which is of the order observed by Rayleigh. One would scarcely allow an electron temperature much smaller than 1000° C, the minimum being room temperature. If one admits higher values than 1000° C, the half-value period is even larger as is seen in the last row. Whether Kramers's theory be quite correct or not, the conclusion seems justified th a t recombination would lead to a half-value period much larger than the life of excited states which is of the order 10~8 sec., and th a t the large times of relaxation found by Rayleigh are to be explained by the assumption th a t the luminosity outside the exciting field is due to recombination, in agreement with Page.
After having stressed the recombination according to Kramers's theory as a guide for understanding the m atter under discussion, it is only fair to mention some difficulties. Cillie (1936) has pointed out th a t the intensity ratio of the Bac to the Balmer spectrum in certain planetary nebulae observed by Page (1936) is very much smaller than predicted by theory and may even be of a different order. This would mean th a t the share of captures coming to the second level is much smaller than the theory requires. Page (1938) has shown th a t the same difficulty occurs in his laboratory spectrum where the second level only gets 1/2000 of its theoretical share in the captures. Besides this there are lesser deviations, as Page shows.
One might be tempted to jump to the conclusion th a t the captures on the second level do not obey Kramers's theory, but Pannekoek's discussioh of Menzel & Cillie' s data on the chromosphere seems to show th a t this level obeys the theory fairly well (Pannekoek i938; Menzel& Cillie 1935 ,1937 )-Pannekoek uses the merging of the higher Balmer lines-distorted by Stark effect-into a continuous spectrum. To produce the required Stark effect, an electron and ion concentration Ne = Nt is required. On the other hand, using Kramers's theory, Menzel & Cillie derive an electron temperature of about 10,000° C from the relative Bac distribution and a proton and electron concentration Nt -Ne = 4 x 101 tensity. Since the Stark effect is well established experimentally, Pannekoek's determination seems well founded, and the fact th at nearly the same concentra tion gives a good fit with Kramers's theory seems to show th a t this theory accounts quantitatively for the captures on the second level resulting in Bac emission.
One may express the hope th at the effect found by Lord Rayleigh will provide another powerful approach to this problem of recombination which as yet seems to be so full of contradictions.
The emission of light from spark discharges The investigation is concerned w ith the transitory effects occurring in spark channels, after the discharge gap has been' bridged com pletely by a streamer. Observations have been made for various gases, in particular for hydrogen and argon, at pressures o f the order o f 1 atm. The main features studied are the light em itted from the spark channel during the period of current flow, and also the after-glow which persists after the current has fallen to a negligible value. The results indicate th at the after-glow in hydrogen is probably a thermal effect only, whilst in argon it is due also, indeed largely, to other causes of which the persistence o f atom s in metastable states is the m ost likely.
Two main experimental methods were em ployed: (a) a revolving mirror camera, similar in principle to those used previously by several investigators, and (6) a photoelectric electron multiplier tube coupled directly to a cathode ray oscillograph. The latter method, which is new in investigations of this character, enables quantitative light emission results to be obtained, and m ethods of calibrating the apparatus are described in detail. The overall time constant of the circuit was sufficiently small to enable after-glows o f duration as low as 1 /isec. to be clearly distinguished.
The measurements show that for currents of about 100 amp., lasting for 2 -4 /isec., the after-glow in argon at a pressure of about 1 atm. could be detected after some 30/^sec., whereas in hydrogen, for similar conditions, the after-glow lasted for only some 3/isec. Other gases showed after-glows of durations varying between the limits set by hydrogen and argon.
In order to correlate the light output with energy dissipation in the spark channel, calori metric measurements were made from which the mean voltage drop during the passage of current was estim ated. The channel radii were measured with photographic plates sensitive to the visible and near ultraviolet light. Observations were also made of the spectra of the ligh£ em itted from the channel. The argon spectrum showed a strong continuum, and, for hydrogen, only the Balmer lines, much broadened, were seen.
The density of ionization in the spark channels is deduced approxim ately in several ways, from the Stark effect, in hydrogen, and from a consideration of the energy balance in the channel, in both hydrogen and argon. The various calculations are in fairly close agreement and give N t ~1 0 17 ions per c.c. Channel temperatures, as determined on the basis o f Saha's equation, the limited applicability of which is discussed, are shown to be about 10,000-15,000° K.
The mechanism of light emission from the channel is discussed in some detail, and it is shown that either normal excitation or electron-ion recombination could be entirely respon sible for the observed effects.
